Retinal degenerative diseases are a major cause of morbidity in modern society because visual impairment significantly decreases the quality of life of patients. A significant challenge in treating retinal degenerative diseases is their genetic and phenotypic heterogeneity. However, despite this diversity, many of these diseases share a common endpoint involving death of light-sensitive photoreceptors. Identifying common pathogenic mechanisms that contribute to photoreceptor death in these diverse diseases may lead to a unifying therapy for multiple retinal diseases that would be highly innovative and address a great clinical need. Because the retina and photoreceptors, in particular, have immense metabolic and energetic requirements, many investigators have hypothesized that metabolic dysfunction may be a common link unifying various retinal degenerative diseases. Here, we discuss a new area of research examining the role of NAD + and sirtuins in regulating retinal metabolism and in the pathogenesis of retinal degenerative diseases. Indeed, the results of numerous studies suggest that NAD + intermediates or small molecules that modulate sirtuin function could enhance retinal metabolism, reduce photoreceptor death, and improve vision. Although further research is necessary to translate these findings to the bedside, they have strong potential to truly transform the standard of care for patients with retinal degenerative diseases.
Introduction
Vision is a central sense that is considered critical in modern society. Numerous studies have demonstrated that visual impairment is associated with significant morbidity and has a huge impact on one's quality of life. For example, visual impairment is associated with clinically significant decreases in mobility and independence (Fenwick et al., 2016) . Furthermore, in patients with the blinding disease retinitis pigmentosa (RP), there is a correlation between residual visual field and quality of life (Chaumet-Riffaud et al., 2017) , suggesting that there is an association between the degree of vision loss and the extent of impairment in quality of life. These decreases in quality of life can contribute to poor mental health. In support, Heesterbeek and colleagues found in a prospective cohort of 540 older adults with vision impairment that these individuals exhibited twice the incidence of subthreshold depression and anxiety compared to older adults in general (Heesterbeek et al., 2017) . Although these symptoms tended to fluctuate with time, having macular degeneration and problems with adaptation to vision loss were two of the risk factors identified for developing depressive symptoms (Heesterbeek et al., 2017) . Therefore, vision loss and the associated sequelae have a significant impact on human beings individually and on society in general. As such, despite their challenges, preventing and reversing vision loss caused by diverse retinal diseases are of utmost priority.
Retinal degenerative diseases make up a significant portion of the burden of blindness and are often untreatable. The retina is a complex, light-sensitive, neurovascular tissue with a highly organized structure that is essential to its function (Fig. 1) . Located at the posterior pole of each eye, the retina consists of numerous cell types, all of which must function in a coordinated manner to generate a neural signal to be transmitted to the occipital lobe of the brain via the optic nerve. Light photons entering the anterior surface of the eye first traverse across the retina before being sensed by the photoreceptors on the posterior aspect of the retina. Photoreceptors can be divided into two types: rod photoreceptors mediate dim, peripheral vision, whereas cone photoreceptors mediate central, color vision. The signal from the photoreceptors is then transmitted to secondary neurons known as bipolar cells before being transmitted to the retinal ganglion cells, whose axons coalesce to form the optic nerve. Horizontal and amacrine cells provide lateral modulation. As expected, conditions leading to the death of any of these subpopulations of retinal neurons can lead to visual impairment. In particular, photoreceptor death is a common cause of blindness in retinal degenerative diseases, as these light-sensitive neurons are responsible for the initial transduction of light.
This review will first provide a brief clinical description of various examples of retinal degenerative diseases to frame a discussion regarding the limitations of their current treatment options. Next, this review will discuss an emerging focus on investigating the role of NAD + and sirtuins in retinal neurodegeneration and speculate on how the findings of these studies may lead to novel pharmacologic approaches involving NAD + -based therapeutics. Although further research is necessary to more fully understand the underlying molecular and cellular pathways involved in these processes and, ultimately, to translate these findings from the bench to the bedside, these therapies have the potential to be highly innovative and may transform the standard of care for these patients by reducing the burden of blindness or preventing it altogether.
Retinal degenerative diseases
Retinal degenerative diseases are a heterogeneous family of multiple conditions all involving death or damage to cells of the retina. These diseases have a wide array of etiologies: some are acquired, some are a component of a broader systemic disease, and some are inherited. Although some of these conditions share phenotypic characteristics, most have different underlying pathogeneses. This diversity makes it rather challenging to develop unifying therapeutic strategies. Instead, the prevailing dogma has been to consider each disease as a separate entity with its own avenue of research, discovery, and translational pipeline. However, despite broad phenotypic and genotypic heterogeneity, what is common to these disorders is that many of them are associated with death of the light-sensitive photoreceptors, which is ultimately what leads to blindness. Other reviews focus on providing comprehensive overviews of the clinical characteristics and the pathophysiology of retinal degenerative diseases (Veleri et al., 2015) . Instead, this review will present some examples of retinal degenerative diseases to illustrate the shortcomings of current therapeutic options, framing a discussion about the potential advantages of a unified therapeutic approach.
Age-related macular degeneration (AMD)
Age-related macular degeneration (AMD) is an acquired retinal degenerative disease that affects the central retina, called the macula. AMD is a leading cause of blindness in adults over the age of 50 years. AMD is projected to become an even larger problem over time and is predicted to affect as many as 288 million people by 2040 (Wong et al., 2014) . Clinically, patients with early-stage AMD often complain about reduced light sensitivity, dark adaptation, and contrast sensitivity, which is believed to be related to early parafoveal rod photoreceptor degeneration (Curcio et al., 1996) . On examination, these patients often present with lipid-and protein-rich deposits beneath the retinal pigment epithelium (RPE) known as drusen. Drusen themselves do not usually cause vision loss, but they are a significant risk factor for progression to advanced AMD that manifests either as advanced non-neovascular (dry) AMD or neovascular (wet) AMD. Both forms of advanced disease can lead to significant visual impairment related to secondary degeneration and death of macular photoreceptors, causing loss of central vision. In the case of advanced dry AMD, blindness is caused by death of the photoreceptors due to loss of the underlying RPE cells that are critical for photoreceptor survival and function. This stage of disease is called geographic atrophy (GA). In contrast, in wet AMD, pathological angiogenesis manifests as choroidal neovascularization (CNV), which can also cause photoreceptor death, sub-RPE and subretinal fibrosis, and, ultimately, blindness. It is often difficult for clinicians to counsel AMD patients regarding when progression to advanced disease may occur and what form it will take. The Age-Related Eye Disease Study (AREDS), sponsored by the National Eye Institute, was a large cohort study that provided key insights into the natural history of AMD. This study also identified risk factors associated with progression from early or intermediate AMD to advanced AMD, such as smoking and greater body mass index (BMI) (Clemons et al., 2005) . Nonetheless, further research is necessary to determine the specific molecular and cellular mechanisms that underlie the pathogenesis of AMD.
Genome-wide association studies have provided some clues into potential pathogenic mechanisms underlying AMD by identifying that polymorphisms in complement factor H, hepatic lipase (LIPC), ATPbinding cassette transporter member 1 (ABCA1), and cholesterol ester transfer protein (CETP), are associated with early or advanced AMD (Hageman et al., 2005; Neale et al., 2010) . These findings implicate altered regulation of inflammation and aberrant lipid homeostasis as potential contributors to the pathogenesis of AMD. In support, mouse models designed to mimic perturbations in inflammation or lipid homeostasis pathways in combination with environmental factors, such as a high-fat, Western diet, have been reported to recapitulate some features resembling AMD (Malek et al., 2005; Sene et al., 2013; Toomey et al., 2015) . These findings confirm the relevance of these pathways in AMD and highlight the value of using mouse models for furthering our understanding of AMD.
Currently, approved therapies for wet AMD include drugs directed against vascular endothelial growth factor (VEGF). VEGF is a key driver of pathological angiogenesis, the hallmark of wet AMD. Although anti-VEGF therapies have revolutionized treatment for wet AMD, long-term studies have demonstrated that atrophic neurodegeneration with loss of photoreceptors proceeds despite treatment (Bhisitkul et al., 2015; Sene et al., 2015) . Perhaps more importantly, some patients do not respond or are under-responsive to this therapy (Inoue et al., 2016; Kim et al., 2016; Sarwar et al., 2016; Sene et al., 2015) , suggesting that VEGFindependent pathways may also contribute to AMD pathogenesis. More research is needed to identify alternate therapeutic strategies that may be able to provide clinical benefit for these patients and to prevent photoreceptor neurodegeneration in both forms of advanced AMD. Unfortunately, because the pathophysiology of dry AMD remains incompletely understood, there are currently no approved therapies for dry AMD. High-dose supplementation of vitamins C and E, beta carotene, and zinc has been suggested to modestly slow progression to advanced AMD (Age-Related Eye Disease Study Research, 2001 ), but the effect size is fairly small, and its mechanism is still unclear. Taken together, it is clear that there is a paucity of current treatment options for AMD patients beyond targeting VEGF in wet AMD.
Diabetic retinopathy (DR)
Diabetes mellitus is a systemic metabolic disease characterized by deficits in blood glucose control. The pathophysiology of diabetes mellitus is complex and affects numerous organ systems, but one component of this systemic disease is diabetic retinopathy (DR). Clinically, DR consists of early microvascular damage, which is initially characterized by pericyte loss and microaneurysms in small-caliber vessels in the retina, followed by capillary wall damage, leakage, exudation, and retinal edema. In advanced disease, hypoxic pathologic neovascularization can cause vision loss secondary to hemorrhage and detachment of the neurosensory retina. In addition to this vascular phenotype, diabetic patients often exhibit changes on electroretinography (ERG), such as delayed implicit times (Satoh et al., 1994) and decreased oscillatory potential amplitudes (Coupland, 1987) , which precede vascular changes. DR could therefore include two components -neuroretinal dysfunction and vascular dysfunction -both contributing to vision loss.
Studies in mouse models of DR support this possibility. For example, Rajagopal and colleagues identified that mice weaned to high-fat chow exhibit modest electrophysiological dysfunction in the form of increased latencies and decreased oscillatory potential amplitudes at 6 months that precede the vascular phenotype of microvascular disease that can be observed by 12 months (Rajagopal et al., 2016) . These findings may have translational relevance since multifocal ERG implicit times in patients with diabetes but without retinopathy predict future development of DR (Harrison et al., 2011) . Other groups have reported even more striking high-fat diet-induced retinal dysfunction in mice at 12 weeks in the form of reduced scotopic and photopic ERG amplitudes . Mechanistic studies suggest that this neuroretinal dysfunction may be due to the sensitivity of retinal neurons to systemic hyperglycemia. For example, in the streptozotocin-induced mouse model of diabetes, prolonged hyperglycemia leads to retinal oxidative stress (Du et al., 2013) , which may contribute to photoreceptor death.
Currently, clinicians can treat only the vascular disease, including permeability-related macular edema and ischemic neovascularization, with anti-VEGF pharmacotherapy and intraocular steroids. Neuroprotective strategies that could mitigate neuroretinal dysfunction or prevent retinal neurodegeneration are highly attractive but are currently investigational. As in AMD, a molecular understanding of the pathophysiology of DR might improve our ability to develop more diverse therapeutic strategies to prevent vision loss.
Inherited retinal degenerations (IRDs)
Inherited retinal degenerations (IRDs) are diverse diseases that are associated with progressive vision loss caused by mutations in over 250 genes. Some examples of IRDs include retinitis pigmentosa (RP), Leber congenital amaurosis (LCA), and cone-rod dystrophies. IRDs can be isolated or syndromic. For example, RP, one of the most common IRDs, can be caused by mutations in any of more than 100 genes or can be a clinical feature of Usher syndrome or Bardet-Biedl syndrome. Because of this genotypic diversity, RP has a complex and heterogeneous clinical presentation, often depending on the underlying mutation. In general, RP patients present with loss of night vision and decreased peripheral vision due to death of rod photoreceptors. As rod photoreceptor death progresses, cone photoreceptor death may follow as a secondary effect of losing rod photoreceptor-derived survival factors. Exome and targeted gene sequencing have made it possible to examine the genetic etiology of various retinal degenerative diseases, including RP.
Despite remarkable advances in our ability to identify the causative gene mutations associated with IRDs, including RP, our therapeutic strategies are still limited by lack of knowledge of the mechanisms by which these genes cause disease. One therapeutic approach has been gene therapy with the goal of replacing the defective copy or copies of the affected gene with a normal gene delivered by a carrier, usually a viral vector. For example, a Phase III trial recently evaluated the safety and efficacy of voretigene neparvovec (AAV2-hRPE65v2) in patients with retinal dystrophy caused by biallelic mutations in RPE65 (Russell et al., 2017) . Using this approach, a wild-type copy of the RPE65 gene is delivered with an adenoviral vector to the sub-retinal space. In patients with viable retinal cells, normal RPE65 protein can restore the visual cycle and may lead to some vision improvement. Although still in its infancy compared to conventional gene therapy, CRISPR-Cas9 has also now made it possible to perform targeted gene editing to repair diseasecausing mutations, which has been shown to be effective in restoring some vision in rodent models of retinal degenerative disease (Bakondi et al., 2016; Wu et al., 2016 ). However, one major challenge of both gene therapy and gene editing is that they would have to be optimized and targeted for each specific mutation, requiring the causative mutation to be identified in each individual patient. This requirement is a challenging proposition considering the diversity of mutations that have been identified, especially for RP, each affecting a fraction of the total patient population. Perhaps of additional concern, gene therapy is incredibly expensive in the present, making it difficult to use in widespread settings. Issues surrounding the durability of the effect, effect size, and scalability in more prevalent diseases further complicate the therapeutic landscape.
Limitations of current therapeutic strategies
For many retinal degenerative diseases, our incomplete understanding of disease pathogenesis has led to a current strategy of addressing disease symptoms and endpoints rather than their underlying etiology. For example, in AMD and DR, patients receive anti-VEGF therapies to inhibit pathological angiogenesis. For IRDs, even if we have a sophisticated understanding of the underlying genetics, it is not always easy to deliver therapeutics in a clinical setting due to the challenges highlighted above. Therefore, an attractive option would be to identify a potential therapeutic strategy that could prevent photoreceptor death in multiple forms of retinal degenerative diseases. One example of such an approach is stem cell therapy. . These investigations have been the basis of ongoing human clinical trials using stem-cell based approaches in AMD (Mandai et al., 2017; Schwartz et al., 2015 Schwartz et al., , 2016 . Although these studies adopt the strategy of RPE transplantation rather than photoreceptor neuron transplantation since RPE dysfunction is known to contribute to photoreceptor degeneration in advanced dry AMD, they demonstrate that transplantation of cells into the eye is feasible, paving the way for future human clinical studies of photoreceptor transplantation.
There remain numerous challenges of using stem cells for photoreceptor transplantation, such as ensuring proper functional connectivity with the host retina, the time required to differentiate cells for transplantation, and potential tumorigenicity of transplanted cells. Recent studies also suggest that material transfer of proteins from transplanted photoreceptors to host cells may itself improve visual function, necessitating a closer look at the mechanism underlying rescue in transplantation studies (Pearson et al., 2016; Waldron et al., 2018) . These are important issues that must be investigated thoroughly before stem cell therapy can be widely used in humans. The source of stem cells also poses a significant challenge. Although induced pluripotent stem cells (iPSCs) can be used to overcome the ethical concerns and regulatory challenges surrounding embryonic stem cells since iPSCs are reprogrammed from adult somatic cells, they have one major limitation. Specifically, since the source of iPSCs is often the patients themselves, the cells retain disease-causing mutations, requiring gene editing prior to transplantation. Although targeted gene editing can be achieved with CRISPR-Cas9 in mouse models (Burnight et al., 2017) , successful application of this technology to treat retinal degenerative diseases in humans is still in its infancy.
What is on the frontier?
Given the limitations of current therapeutic options, including those under investigation in clinical trials, there is a significant need for novel therapeutic approaches that target pathways involved in photoreceptor death that may be shared across multiple retinal degenerative diseases. Identifying such a common pathway contributing to photoreceptor death that is therapeutically modifiable may enable us to halt or delay photoreceptor death, especially in early phases of disease, and thereby preserve vision. One interesting characteristic of the retina and photoreceptors in particular is that they are highly metabolically active (Ames et al., 1992; Wong-Riley, 2010) . In contrast with most other neurons, photoreceptors respond to stimuli by hyperpolarizing rather than depolarizing. In fact, at baseline in darkness, photoreceptors exist in a depolarized state, maintained by the presence of cyclic guanosine monophosphate (cGMP) binding to and keeping cyclic-nucleotide-gated (CNG) channels open and permitting influx of cations. Upon exposure to light, a signal transduction cascade is activated, leading to hydrolysis of cGMP to its non-cyclized form, GMP. This hydrolysis leads to dissociation of cGMP from CNG channels, channel closure, and loss of cationic influx, causing membrane potential hyperpolarization. The need for photoreceptors to maintain this constant state of depolarization, i.e., the dark current, has tremendous energy demands (Okawa et al., 2008) .
In addition to having to maintain a 'dark current,' photoreceptors also have tremendous anabolic requirements, which further heighten energetic demands. Photoreceptors perform their primary function of phototransduction in a specialized subcellular region known as the outer segment. Photoreceptor outer segments consist of highly invaginated, membrane-rich structures that undergo diurnal turnover. This turnover leads to diurnal shedding of the photoreceptor membrane, which then must be phagocytosed by the RPE. To prevent shortening of the outer segments, photoreceptors have to regenerate this portion of the cellular membrane, necessitating anabolic processes to generate the biomolecules of cellular membranes, especially lipids. Recent studies have demonstrated that a shift towards aerobic glycolysis may facilitate anabolism and outer segment maintenance in photoreceptors (Chinchore et al., 2017) . Evidently, photoreceptors must carefully coordinate their metabolism so that they can generate sufficient energy to maintain the 'dark current' while also generating the key biomolecules needed to maintain their specialized structure.
Many groups have hypothesized that these dual demands make photoreceptors particularly vulnerable to metabolic perturbations. In support, recent studies profiling retinal metabolism have highlighted that the retina operates at near-maximal respiratory capacity with limited reserve to handle additional energetic demands (Kooragayala et al., 2015) . Moreover, there are examples of blinding diseases that are caused by mutations in metabolic enzymes. For example, a loss-offunction mutation in the beta subunit of isocitrate dehydrogenase 3 (IDH3B), a key enzyme in the Krebs cycle, has been reported to cause RP (Hartong et al., 2008) . Although these patients harbored this IDH3B mutation in every cell of their body, they presented clinically with only a retinal phenotype. Although we cannot rule out the possibility that these patients have subclinical manifestations of disease in other organ systems, the fact that the most significant manifestation is in the eye supports the idea that photoreceptors are particularly sensitive to perturbations in metabolic pathways. (Imai and Yoshino, 2013) . In this pathway, nicotinamide, the product generated when NAD + is used as a co-substrate by NAD + consumers, is first converted to nicotinamide mononucleotide (NMN) by the enzyme nicotinamide phosphoribosyltransferase (NAMPT) before being adenylated by the NMN adenylyltransferses 1-3 (NMNAT1-3) to form NAD + . Other NAD + biosynthetic pathways exist, including de novo synthesis from tryptophan. A schematic depicting these various pathways of NAD + biosynthesis is presented in Fig. 2 . NAD + has been reported to be essential for regulating metabolism, circadian rhythms, and aging (Garten et al., 2009; Mouchiroud et al., 2013; Nakahata et al., 2009; Ramsey et al., 2009) . Given a central role of NAD + biosynthesis in metabolism and the highly active metabolism of the retina and photoreceptors, many groups including ours hypothesized that NAD + biosynthesis may also be important in the retina. The possibility that perturbations in NAD + homeostasis may contribute to retinal neurodegeneration is also well supported by previous studies of neurodegeneration. Wallerian degeneration is a highly stereotyped process by which axonal injury via a cut or crush leads to degeneration of the axon distal to the injury. Serendipitously, investigators discovered a spontaneous mutant mouse line that had delayed Wallerian degeneration, calling these Wallerian degeneration slow (Wds) mice. In Wds mice, Wallerian degeneration in response to axonal injury is delayed due to a mutation that results in overexpression of Wlds, a chimeric protein that leads to increased NMNAT1 activity (Araki et al., 2004 ). More recent studies have supported that axonal NAD + levels are a key regulator of the pace of axonal degeneration. In fact, other executioners such as SARM1 cause accelerated axonal degeneration by promoting NAD + destruction via intrinsic NADase activity within the Toll/interleukin-1 receptor (TIR) domain (Essuman et al., 2017; Gerdts et al., 2015) . These studies all point to a central role of NAD + homeostasis for maintaining neuron survival and function.
A central role for NAD + in retinal degeneration

NAD + biosynthesis in photoreceptors
Photoreceptors are highly specialized neurons that may also rely on NAD + homeostasis for their survival and function. This possibility is supported by clinical research identifying that LCA, a childhood blinding disease, can be caused by mutations in NMNAT1, a key enzyme necessary for NAD + biosynthesis (Chiang et al., 2012; Falk et al., 2012; Koenekoop et al., 2012) . This clinical phenotype has been replicated in mouse models. For example, mouse lines containing a p.V9M or a p.D243G mutation in the Nmnat1 gene generated through N-ethyl-N-nitrosourea mutagenesis recapitulate key aspects of human disease such as rapidly progressive photoreceptor degeneration, retinal vasculature attenuation, optic atrophy, and RPE loss (Greenwald et al., 2016) . Given the severe anatomic perturbations, these mice also exhibit retinal dysfunction, confirming that NMNAT1 is important for retinal survival and function. Other studies have confirmed that this NAMPT-mediated pathway is essential for retinal survival and function by perturbing the rate-limiting enzyme in this biosynthetic pathway, NAMPT. For example, inhibiting NAMPT with pharmacological agents is toxic to the retina (Zabka et al., 2015) . Moreover, deleting this enzyme specifically from rod photoreceptors using the Cre-lox system led to rapid retinal degeneration by six weeks of age at both the structural and functional level . Similarly, cone photoreceptor-specific Nampt deletion led to predominant cone dysfunction, confirming that NAMPTmediated NAD + biosynthesis is essential for photoreceptor survival and function in a predominately cell-autonomous manner. Of translational relevance, retinal NAD + deficiency was a feature of multiple murine models of retinal degeneration, including light-induced retinal degeneration, streptozotocin-induced diabetic retinopathy, and in age-associated retinal decline, and preceded retinal neurodegeneration . Although the mechanism by which retinal NAD + homeostasis becomes perturbed in these disparate disease models is unclear, these findings suggest that retinal NAD + deficiency may be a therapeutic target for numerous blinding diseases. In support, long-term administration of NMN for 12 months in wild-type mice has been shown to reduce some of the physiological declines associated with aging, including modest improvement of age-associated declines in retinal function (Mills et al., 2016) . Although we are not aware of any other known associations between mutations in NAD + biosynthetic genes and retinal neurodegenerative disease, these strong phenotypes associated with murine mutant models suggest that these pathways are likely also important in the context of human disease. To better understand the role of NAD + homeostasis in other contexts of retinal disease, which may have more modest retinal NAD + deficiency, we tested whether deleting one copy of Nampt from rod photoreceptors was sufficient to cause retinal degeneration. Our results showed that mice lacking one copy of Nampt from rod photoreceptors and with approximately 30% reduction of Nampt expression from rodenriched retinal isolates did not exhibit any baseline retinal degeneration at 6 weeks of age by electroretinography (ERG) . We also tested these mice further at 3 months and 6 months of age and did not identify any differences in either scotopic or photopic retinal function between Nampt -rod/WT and Nampt F/WT mice ( Fig. 3A-F) . These findings indicate that Nampt is haplosufficient at these time points. However, it remains possible that monoallelic Nampt deletion renders rod photoreceptors more vulnerable to other pathologic perturbations, such as prolonged aging (> 12 months), or other disease states that may lead to retinal degeneration. These questions require further investigation.
NAD + biosynthesis in other cell types
NAD + homeostasis has also been shown to be vitally important in the survival and function of other neurons in the retina. Glaucoma is another blinding disease that is multifactorial and highly complex, involving retinal ganglion cell degeneration. A recent report highlighted that glaucoma-prone mice exhibit retinal NAD + deficiency with age, which leads to mitochondrial abnormalities and, ultimately, retinal neuron dysfunction (Williams et al., 2017) . This pathological process could be rescued with both supplementation of the NAD + precursor nicotinamide (vitamin B3) and/or gene therapy to drive the expression of the NAD + biosynthetic enzyme NMNAT1 (Williams et al., 2017) . Of interest, recent studies have identified numerous other cell types that depend exquisitely on NAMPT-mediated NAD + biosynthesis, including projection neurons (Wang et al., 2017) , hippocampal and cortical excitatory neurons (Stein et al., 2014) , skeletal muscle (Frederick et al., 2016) , and adipocytes (Stromsdorfer et al., 2016) , among others. Cumulatively, these findings open up the possibility that NAD + -based interventions for retinal degenerative diseases may also have broad applicability to other diseases of other organ systems.
Sirtuins as molecular sensors of NAD + availability
Other lines of investigation have focused on understanding why maintaining NAD + homeostasis is essential for neuron survival and function. One important role for NAD + is to serve as co-substrates for sirtuins. Some sirtuins have dissociation constants near physiological concentrations and are therefore exquisitely sensitive to NAD + levels.
Silencing information regulator 2 (Sir2) was first identified in yeast and shown to promote increased lifespan (Kaeberlein et al., 1999; Lin et al., 2000) . Further studies have revealed that mammals possess seven Sir2 homologs, SIRT1 through SIRT7, which all have unique subcellular localization and unique deacylase functions. SIRT1 and SIRT2 are present in the cytoplasm and the nucleus; SIRT3, SIRT4, and SIRT5 are localized to the mitochondria; and SIRT6 and SIRT7 are exclusively nuclear. Studies in mouse models lacking various sirtuins have revealed that they play important roles in numerous cellular processes, including DNA damage, stress responses, metabolism, and aging (Verdin, 2015) .
Sirtuins and retinal degeneration
Sirtuins have been reported to play important roles in the retina. All seven sirtuin homologs are highly expressed in the mouse retina at the mRNA level and generally have increased expression during the dark phase, except for SIRT6 (Ban et al., 2013) . In aged rats demonstrating age-associated retinal dysfunction, SIRT1 expression was found to be reduced in the retina, while enhancing SIRT1 expression with the SIRT1 activator resveratrol, preserved youthful retinal function (Zeng and Yang, 2015) . Moreover, SIRT1 has been shown to be involved in the pathogenesis of models of diabetic retinopathy (Duarte et al., 2015; Kowluru et al., 2014; Kubota et al., 2011; Mortuza et al., 2014; Zheng et al., 2012) and light-induced retinal degeneration (Kubota et al., 2010) . Furthermore, SIRT1 has also been shown to play an important role in regulating vascular regeneration. In the oxygen-induced ischemic retinopathy (OIR) mouse model, conditional depletion of neuronal SIRT1 led to significantly reduced retinal vascular regeneration and increased hypoxia-induced pathologic vascular growth (Chen et al., 2013) , although overexpression of neuronal SIRT1 did not demonstrate a protective effect, limiting therapeutic applicability (Michan et al., 2014) . The mitochondrial sirtuins SIRT3 and SIRT5 have both also been shown to play important roles in regulating retinal homeostasis, as mice lacking SIRT3 alone or both SIRT3 and SIRT5 were more vulnerable to light-induced retinal neurodegeneration compared to control mice (Ban et al., 2017; Lin et al., 2016) . Finally, SIRT6 is important for retinal function, as SIRT6 germline knockout mice exhibit retinal dysfunction (Silberman et al., 2014) . More specifically, further studies have confirmed that SIRT6 is important for regulating glucose metabolism in the retina: SIRT6 inhibition shifts retinal metabolism towards a predominately glycolytic profile and thereby can attenuate retinal degeneration in mice . was no significant difference in retinal function at 6 months of age (N = 6-7/group; 2-way mixed ANOVA). Graphs depict mean ± S.E.M (A-F).
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Sirtuins as a therapeutic target
Given these roles of sirtuins in retinal survival and function, sirtuin activation via pharmacological modulation may indeed be a therapeutic strategy for preventing retinal degenerative diseases. One approach for sirtuin activation is via the supply of NAD + intermediates, such as NMN and nicotinamide riboside (NR). Supplementation with these NAD + intermediates leads to increased intracellular NAD + availability. Since sirtuins are so exquisitely sensitive to NAD + levels, this increased NAD + availability leads to enhanced sirtuin function, especially in contexts of cellular stress when NAD + demands may be increased. An alternative approach is to directly activate sirtuins. Since the discovery of the first sirtuin-activating compounds (STACs) (Howitz et al., 2003) , there has an explosion in efforts to identify novel STACs of various chemical classes with high-throughput screening and biochemical approaches (Bonkowski and Sinclair, 2016) . STACs generally function by binding to a conserved N-terminal domain of sirtuins and lowering the K m of the substrate through an allosteric mechanism (Sinclair and Guarente, 2014) . One advantage to this small-molecule approach is that it may be possible to target specific sirtuins, although further research is necessary since many of the current small molecules are designed to activate SIRT1. It also remains important not only to understand how distinct sirtuins interact with one another in various organ systems and disease contexts but also to devise strategies for cell-or tissue-specific delivery of these therapeutic agents. Given the diverse function of sirtuins and their unique intracellular functions, these future studies are important to ensure the development of novel therapeutic approaches that are both safe and efficacious.
A possible role for Poly(ADP)-Ribose polymerase
Cumulatively, our results and those of other groups suggest that the retina and photoreceptors are particularly sensitive to perturbations in NAD + availability. One important remaining question is why photoreceptors are so sensitive to perturbations in NAMPT-mediated NAD + biosynthesis. The fact that photoreceptors rely on the NAMPT-mediated NAD + biosynthetic pathway suggests that there may be baseline consumption of NAD + by other NAD + -consuming enzymes to make this pathway so important for photoreceptor survival. One group has demonstrated that, systemically, the NAD + consumer CD38 may play an important role in age-associated declines in NAD + levels and thereby promote age-associated pathologies (Camacho-Pereira et al., 2016) . A similar phenomenon may also occur in photoreceptors.
NAMPT deficiency in rod photoreceptors is associated with PARP activation
We hypothesized that, in photoreceptors, PARP activation may explain why photoreceptors are so dependent on NAMPT-mediated NAD + biosynthesis. At baseline, photoreceptors face enormous challenges of having to handle light stimuli, which promote oxidative stress and DNA damage. Although photoreceptors may have the reserve to handle this stress at baseline, it is possible that metabolic perturbations, such as NAD + deficiency, lead to further mitochondrial dysfunction and an inability to compensate, causing dysfunction and retinal degeneration.
In support of this hypothesis, NAD + -deficient photoreceptors have impaired SIRT3 function . SIRT3 is known to regulate superoxide dismutase 2 (SOD2), a major mitochondrial antioxidant enzyme (Qiu et al., 2010) . As a proof of concept, we examined whether there is PARP hyperactivation in the retinas of mice with retinal NAD + deficiency by Western blot with anti-PAR antibody (clone: 10H; Enzo Life Sciences; Farmingdale, NY). Of interest, at three weeks of age, mice with Nampt deleted specifically from rod photoreceptors (Nampt -rod/ −rod ) exhibited significant increases in PARylated protein compared to Cre-negative controls, suggestive of PARP hyperactivation (Fig. 4A) . We have previously reported that Nampt -rod/−rod mice have no signs of retinal degeneration at 3 weeks by histology , suggesting that PARP activation may contribute to degeneration rather than being its consequence. These findings also suggest that PARP activation in the context of retinal NAD + deficiency may indeed exacerbate NAD + unavailability and thereby contribute to the reliance of photoreceptors on NAMPT.
PARP inhibition rescues photoreceptor redox potential and survival
To determine whether PARP inhibition may represent a potential therapeutic approach, we tested whether inhibition of PARP activation may improve NAD + availability and thereby reduce photoreceptor death. We first tested this in a cell model in cone photoreceptor-like 661W cells (Tan et al., 2004) . We treated photoreceptor cells with 20 μM FK866 (Santa Cruz Biotechnology; Dallas, TX), a small-molecule NAMPT inhibitor, with or without simultaneous co-treatment with either of the PARP inhibitors ABT-888 or BYK 49187 (Santa Cruz Biotechnology). As we have previously observed, FK866-treated photoreceptor cells exhibited significant reduction in cellular redox potential compared to vehicle-treated cells at 24 h, as measured by the WST-1 assay (Sigma; St. Louis, MO) (Fig. 4B ). Of interest, photoreceptor cells co-treated with FK866 and either or both of the PARP inhibitors were partially protected from loss of redox potential compared to photoreceptor cells treated with FK866 alone (Fig. 4B) . Next, we wanted to determine whether preservation of redox potential also prevented photoreceptor cell death. Given the energetic demands of photoreceptors, loss of redox potential in FK866-treated photoreceptor cells rapidly caused cell death by 48 h, which we quantified with calcein AM (Applied Biosystems; Foster City, CA) live cell staining (Fig. 4C) . Of interest, photoreceptor cells co-treated with FK866 and either or both PARP inhibitors were partially rescued from cell death compared to photoreceptor cells treated with FK866 alone (Fig. 4C) . Again, these findings support the notion that PARP activation is pathologic and that inhibiting PARP activation in the context of NAD + deficiency promotes photoreceptor cell survival.
Finally, we wanted to test whether PARP inhibition also had an in vivo effect. We injected ABT-888 (20 mg/kg body weight) intraperitoneally into Nampt -rod/−rod mice daily beginning at postnatal day 5 until postnatal day 28. On the last day of injection, we performed ERG as described previously . Remarkably, ABT-888-treated Nampt -rod/−rod mice had significantly improved ERG responses under both scotopic and photopic conditions compared to vehicletreated Nampt -rod/−rod mice ( Fig. 5A-C) . Of interest, ABT-888 treatment had no effect on the ERG findings in Nampt WT/WT littermates ( Fig. 5D-F) . Taken together, these findings provide evidence that there is PARP activation in photoreceptors under conditions of NAD + deficiency and that this PARP activation is pathologic and contributes to retinal degeneration, opening up a novel therapeutic approach. Of note, we observed only partial recovery upon PARP inhibition, suggesting that other pathways are also involved in NAD + consumption. Further research is necessary to identify these pathways. Our findings are consistent with the work of other groups showing that deletion of key proteins in the PARP pathway protect against retinal degeneration. For example, retinal explants from PARP1 germline knockout mice and PARG110 germline knockout mice exhibited less photoreceptor death in an ex vivo model of retinal degeneration compared to explants from wild-type mice (Sahaboglu et al., 2010 (Sahaboglu et al., , 2014 . Despite some technical differences, these studies and ours confirm that PARP activation is pathologic in various mouse models of retinal degeneration. This PARP activation likely leads to increased NAD + utilization, worsened NAD + deficiency, more mitochondrial dysfunction, and, thus, further PARP activation, leading to a positive feedback loop that inevitably causes photoreceptor death. Although more studies are necessary to confirm this hypothesis, they provide a foundation for further examination of why photoreceptors are so sensitive to perturbations in NAD + homeostasis.
Future directions
Seminal work by our group and others has established the central importance of metabolism in retinal survival and function. Moreover, impaired retinal metabolism has been identified as a pathogenic feature of multiple forms of retinal degenerative diseases. These findings open up novel therapeutic avenues for treating retinal degenerative diseases. This approach would be highly innovative, as these therapies may have the potential to be effective for numerous diseases if they share common pathogenic mechanisms, and would overcome many of the limitations associated with current therapies that are compartmentalized to the disease or the mutation. Beyond the retina, these therapies focused on enhancing NAD + availability and/or modulating sirtuin activity may also have efficacy for diseases of other organ systems, including not only neurodegenerative diseases but also diseases of other metabolically active cell types, such as muscular dystrophies. Although numerous studies have confirmed the importance of NAD + and sirtuins in these various tissue types, more studies are necessary to fully unleash their translational potential.
Is the subcellular organization of NAD + in the retina important?
Intracellular NAD + partitions into subcellular pools in the nucleus, cytoplasm, and mitochondria. No study to our knowledge has . Graphs depict mean + S.E.M (B-C). (*P < .05; **P < .01; ***P < .001; AU: arbitrary units; red asterisks indicate significant differences compared to the vehicle-treated group; blue asterisks indicate significant differences compared to the FK866-treated group). determined which subcellular pool(s) of NAD + are essential for photoreceptor function. The fact that mutations in NMNAT1, the NMNAT isoform with nuclear function, cause blindness suggests that the nuclear NAD + pool is essential for vision. However, this possibility needs to be tested rigorously. Moreover, there may also be crosstalk and movement of NAD + between these subcellular pools in the retina. Indeed, impaired NAD + trafficking may also play pathogenic roles in disease.
Further understanding of the subcellular organization of NAD + in the retina is particularly important since sirtuins, molecular sensors of NAD + availability, also have a distinct pattern of subcellular organization. Therefore, it is possible that restrictions in NAD + availability in certain subcellular compartments but not others may cause impaired activity of a specific sirtuin, which is important to consider when developing novel therapeutic approaches.
What is the role of an extracellular source of NAD + ?
Moreover, recent studies suggest that there is also an extracellular source of NAD + , which may have its own important physiological role.
In fact, NAMPT has two forms: intracellular NAMPT (iNAMPT) and extracellular NAMPT (eNAMPT). Whereas iNAMPT localizes intracellularly and likely contributes to NAD + pools to be used within the cell, eNAMPT circulates in plasma and in other biofluids and can regulate physiology in a systemic manner. eNAMPT (also known as PBEF or visfatin) was previously thought to be a cytokine or a hormone based on its pleiotropic effects, but further investigation revealed that these effects are caused by its robust NAD + biosynthetic function (Revollo et al., 2007) . Recent studies have confirmed that eNAMPT's ability to regulate systemic NAD + biosynthesis allows it to regulate distant target cells, including pancreatic beta cells (Revollo et al., 2007) and hypothalamic neurons (Yoon et al., 2015) . eNAMPT may also regulate retinal physiology.
The challenge of bioavailability
Numerous studies have tested whether NAD + intermediates are therapeutic in animal models of disease Mills et al., 2016; Williams et al., 2017 unclear. One possibility is that there is an NMN transporter that allows for rapid uptake of NMN directly into the cell for intracellular conversion into NAD + (Yoshino et al., 2018) . However, this hypothesis is challenged by another school of thought that contends that extracellular NMN is first converted to NR before entering the cell (Nikiforov et al., 2011; Ratajczak et al., 2016) . Further studies are essential to clarify this discrepancy. Future randomized clinical trials designed to evaluate safety and efficacy of NMN and NR, especially those that compare them head to head, will be particularly informative in clarifying whether one of these NAD + intermediates has superior bioavailability.
Summary and conclusions
Retinal degenerative diseases are a major cause of morbidity in the modern world. Visual impairment significantly diminishes the quality of life of patients. A significant challenge in preventing blindness caused by retinal diseases is the genetic and phenotypic heterogeneity of the diseases and a variable understanding of disease pathogenesis. This limited understanding has led to either the widespread use of drugs that treat disease manifestations in relatively late phases of the natural history rather than the underlying cause or, in many instances, a complete lack of treatment options altogether. Indeed, more research is necessary to identify novel therapeutics for early and targeted intervention. Some strategies, such as gene therapy and stem cell-based therapeutic approaches, have been proposed, although they have limitations, such as the fact that gene therapy would have to be tailored for the causative mutation of each individual disease. The ability to identify a unifying therapy for diverse retinal diseases would be highly attractive and would address a great clinical need.
The immense metabolic and energetic requirements of the retina and photoreceptors have been the subject of research for many decades. However, in the past decade, a concept has emerged that metabolic dysfunction may be a common link unifying various forms of retinal degeneration. In this review, we surveyed the current state of a newly and/or restoring optimal sirtuin function (bottom panel) may thus have efficacy for preventing blindness regardless of the underlying disease etiology.
established area of investigation examining the role of NAD + and sirtuins in regulating retinal metabolism and in the pathogenesis of retinal degenerative diseases. Indeed, these studies suggest that NAD + plays an essential role in regulating retinal metabolism both through its dehydrogenase activity and through its vital function as a co-substrate for NAD + -dependent enzymes such as sirtuins. Based on these findings, NAD + intermediates or small molecules that modulate sirtuin function may have the potential to enhance retinal metabolism and treat blinding diseases (Fig. 6) . Although further research is essential before these findings can be translated from the bench to the bedside, they have strong potential to truly transform the standard of care for retinal degenerative diseases.
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